Insulin regulates glucose uptake and storage in peripheral tissues, and has been shown to act within the hypothalamus to acutely regulate food intake and metabolism. The machinery for transduction of insulin signaling is also present in other brain areas, particularly in the hippocampus, but a physiological role for brain insulin outside the hypothalamus has not been established. Recent studies suggest that insulin may be able to modulate cognitive functions including memory. Here we report that local delivery of insulin to the rat hippocampus enhances spatial memory, in a PI-3-kinase dependent manner, and that intrahippocampal insulin also increases local glycolytic metabolism. Selective blockade of endogenous intrahippocampal insulin signaling impairs memory performance. Further, a rodent model of type 2 diabetes mellitus produced by a high-fat diet impairs basal cognitive function and attenuates both cognitive and metabolic responses to hippocampal insulin administration. Our data demonstrate that insulin is required for optimal hippocampal memory processing. Insulin resistance within the telencephalon may underlie the cognitive deficits commonly reported to accompany type 2 diabetes.
Introduction
Since its first identification and characterization in 1922 (Banting & Best, 1922) , insulin has been established as the primary hormonal regulator of systemic glucose concentration. Insulin acts both to suppress hepatic glucose output and to stimulate glucose uptake in muscle and adipose tissues. The latter effect occurs via activation of the phosphatidylinositol-3-kinase (PI3K) signaling pathway and subsequent translocation of the insulin-responsive glucose transporter GluT4 to the cell surface. More recently, it has been shown that insulin can also modulate feeding behavior and metabolism via actions within the hypothalamus (and in particular within the arcuate nucleus (Plum, Belgardt, & Bruning, 2006; Schulingkamp, Pagano, Hung, & Raffa, 2000; Schwartz, Figlewicz, Baskin, Woods, & Porte, 2000; Woods, Schwartz, Baskin, & Seeley, 2000) ). The remainder of the brain has generally been considered to be an insulin-insensitive organ, largely based on the fact that whole-brain glucose uptake and metabolism measurements have consistently shown little effect of insulin on total cerebral glucose metabolism, in line with some recent MRS and PET studies of the cerebral cortex (Hasselbalch et al., 1999; Seaquist, Damberg, Tkac, & Gruetter, 2001) . However, recent studies have suggested that the hippocampus, which expresses high levels of insulin receptors (Dore, Kar, Rowe, & Quirion, 1997), as well as GluT4 (McEwen & Reagan, 2004; Reagan, 2005; Vannucci et al., 1998) and PI3K (Figlewicz & Szot, 1991) , might be responsive to insulin. Insulin has been reported to cause translocation of GluT 4 to the membrane of hippocampal neurons in similar fashion to its effects in the periphery (McEwen & Reagan, 2004; Reagan, 2005) , suggesting that insulin might increase hippocampal glucose uptake and/or metabolism, in contrast to the findings when the brain is taken as a whole.
There is an extensive literature showing that hippocampal cognitive performance is critically dependent on an adequate supply of glucose to meet the local metabolic demands of cognitive processes, and that provision of additional glucose to the hippocampus can enhance memory performance (Gold, 2005; McNay, Fries, & Gold, 2000; McNay & Gold, 2002) . Furthermore, in vitro studies have shown that insulin can modulate hippocampal synaptic plasticity (Izumi, Yamada, Matsukawa, & Zorumski, 2003; van der Heide, Kamal, Artola, Gispen, & Ramakers, 2005; Zhao, Chen, Quon, & Alkon, 2004) , i.c.v. administration of insulin has been shown to enhance performance on a passive-avoidance memory task (Park, Seeley, Craft, & Woods, 2000) , and spatial memory training has been reported to alter hippocampal expression of insulin receptors (Zhao et al., 1999; Zhao et al., 2004) . Hence, there are substantial reasons for believing that insulin might act within the hippocampus, a key brain area for learning and memory, to
